Ru nanoparticles (NPs) can precipitate in Ru doped SiO2 amorphous thin films, triggered by electron irradiation in (scanning) transmission electron microscope ((S)TEM). A new mechanism was introduced to interpret the formation of metal NPs in (S)TEM. The induced electric field by electron irradiation, which originates from charging due to ionizations and excitations of atom electrons, can reduce the Gibbs free energy barrier for nucleation of metal particles. Furthermore, the directional ion drifting driven by the electric forces may accelerate the kinetic process of metal particle precipitation.
Introduction
Nanoparticle (NP) precipitation triggered by electron irradiation is a phenomenon often observed in (scanning) transmission electron microscopy ((S)TEM) studies [1 -6] .
Although this is a type of unwanted specimen damages in pristine materials [4, 5] , sometimes this may serve as a synthetic tool to produce nanostructure in desired materials [6] . Either to avoid or to use it, one needs to understand mechanisms to optimize experimental conditions as required. Previously, both knock-on and radiolysis have been Ru NPs can be easily precipitated after the thin films are exposed to electron beam in (S)TEM. Figure 1 shows a time series of phase contrast images of the Ru-Si-O thin film. The first image (initial) was taken right after the area was exposed to electron beam. Overall, the initial image is quite smooth and homogeneous. The fine grainy contrast is due to the high frequency noise of phase contrast. After 4 minutes of exposure to the same beam of electrons, very faint particle-like contrasts start to occur, and they were everywhere in the illuminated region. The contrasts become stronger and stronger thereafter. After 12 minutes of exposure, the crystal structure can be seen in these particles. The particle sizes do not increase significantly with further electron beam exposure. The average size is about 3.5 nm after 12 minutes of exposure, while it only increases slightly to about 4.0 nm after 23 minutes of exposure. Overall, the sizes of these nanoparticles are in the range of 3 -5 nm. The electron diffraction patterns corresponding to different stages of exposure are given in Fig. 3 . The initial diffraction shows that the thin film was amorphous ( Fig. 3a) : no sharp diffraction spots or rings can be seen. With the increase of exposure to electron beam, diffraction rings occur, and their intensities gradually increase with time ( Figs. 3b and 3c ).
After 24 min of exposure, the discontinuity in these rings can be seen clearly (Fig. 3d) . The indexes of the visible rings are also given in Fig. 3 , which match the calculated diffraction patterns of hcp Ru (see S.I.).
The precipitation process can be more easily quantified by time dependent EELS technique. Figure 4 is a time series of Ru M23 and O K-edge EELS of the Ru-Si-O thin film. All the spectra were recorded from the same area under the same conditions. The Ru M23-edge consists of two peaks at about 463 and 486 eV, corresponding to M3 and M2 peaks respectively. The O K-edge has a major peak at about 539 eV along with a small pre-edge bump at about 533 eV. According to EELS analysis (see S.I.), this small bump in the O K-edge can be assigned to Ru -O bonds. The intensities of Ru M23 and O K-edge in this time series were integrated and plotted in Fig. 5 . It shows that both Ru and O were losing during the irradiation, but rates are very low, and it is reasonable to assume that this is a mass-conservative system. Apparently, these stages can be also identified from the overall changes of Ru and O during the irradiation (Fig. 5 and Table I ). In the incubation period, both Ru and O remain the same, along with the Ru -O bonds. Their decreasing rates, although very low (Table   I ), are relatively high in the nucleation stage compared to those in the ripen stage. In fact, the rate at which Ru decreases becomes almost zero in the latest stage. All these phenomena will be interpreted in the following section.
Discussion
Thermal annealing of oxygen-saturated Ru-Si-O thin films at 800C in vacuum can precipitate RuO2 crystals [18, 19] . The electron diffractions, however, can rule out the formation of Ru oxide in this study. This indicates that a dramatic rise in temperature in the Ru-Si-O thin films by electron beam is unlikely to happen. Therefore, the thermal effect alone can be ignored in the precipitation of Ru NPs by electron beam.
The thermodynamic driving force for first-order phase transition is the gain in free energy upon nucleation, the quantity known as supersaturation. In homogeneous nucleation, the total Gibbs free energy, G, to precipitate a NP in a matrix material is the sum of the surface free energy and the bulk free energy. The energy barrier for nucleation, G*, is the maximum of G, with respect to the size of a nucleus. The driving force is needed to overcome this energy barrier for the formation of new phase. Although the thermal effect may not be the main cause for the Ru NPs precipitation, the mechanism should be able to fulfil this energy requirement.
Apparently, neither knock-on nor radiolysis could suggest the system to overcome the nucleation barrier to precipitate Ru NPs rapidly and massively under electron irradiation.
The knock-on interaction results in energy and momentum transfer from an energetic electron to an atom following collision. To displace an atom, the minimum kinetic energy of beam electrons is required. The threshold beam energy is proportionally dependent on the atomic mass and its threshold displacement energy. Considering that the threshold surface sputtering energy is only a fraction of bulk displacement energy and thin specimen for (S)TEM experiments, knock-on interaction is more likely to cause preferential surface sputtering of lighter O and Si than the precipitation of heavier Ru. However, the EELS analysis shows that there is no significant change in both Si and O during the precipitation.
Although radiolysis has been widely referred to in terms of beam effects in (S)TEM for decades, the processes are unfortunately poorly described. Apparently, all the detailed processes involve the displacements of negative ions only, which cannot directly explain the rapid assembly of a vast amount of Ru cations into nanoparticles within a short period of time.
As we knew, electric field carrier energy and can affect the free energy barrier of nucleation [20] . According to recent studies [5] , strong electric fields can be induced in insulating specimen by electron irradiation in (S)TEM. The electric field is produced by the accumulated charges. These charges are not directly from the beam electrons in transmission geometry. The charging process is initiated by the excitations of atomic electrons. The holes left by the emissions cannot be neutralized in a certain period, resulting in the accumulation of positive charges and in turn they generate electric fields [12, 13, 21, 22] .
In the presence of external electric field, the Gibbs free energy is
Here the first two terms are Gibbs free energy in the absence of electric field and GE is the change in electrostatic energy due to the formation of a NP. In eqn. (1), g is the term that includes both the difference in chemical potentials of matrix and NP at the corresponding minima and strain energy generated when a NP forms, and  is the surface tension, and V and S are, respectively, volume and surface area of NP. The influence of an external electric field on the nucleation process has been well studied experimentally and theoretically [23 -27] . Under the assumption that the precipitated NP is spherical, and the electric field E has uniform strength, eqn. (1) has the form of [20] 
Here the parameter c is defined as
in which 0 is permittivity of free space, and m and c are, respectively, the dielectric constant of matrix and NP. Since c is NP size independent, g + cE becomes an effortless process, from the energy point of view. In our previous studies, it was found that the induced electric fields in SiO2are in the magnitudes of 10 9 ~ 10 11 V/m [5, 22] . Therefore, this mechanism can explain the rapid nucleation of Ru metal NPs induced electron irradiation without a thermal assistant.
Although the electric field can lower the Gibbs free energies (if c > m), the precipitation under electron beam is not as the same as that by thermal annealing. Neither
RuO2 nor ruthenium silicides is the product of electron irradiation, considering that they all have high conductivities (i.e. c > m). This is because the strong electric field can also affect the kinetics of the nucleation. One of such factors is atomic drifting under electric fields. Unlike the thermal effect, in which atomic drifting is random, electric forces exerting on ions are directional; forces on positively and negatively charged ions are opposite. According to Ren and Wang [29] , the moderate electric fields enhance NaCl nucleation in saturated solutions, but the strong electric fields retard or even prevent the nucleation process of NaCl. This was interpreted as due to the competition between ion self-diffusion and drift motion. The same explanation can be also applied to Ru ions in the silicon oxide thin films. High mobilities of heavy atoms in the Si-O network under electric fields have been observed previously [30] . The strong fields induced by electron irradiation make the oppositely charged ion more difficult to associate, and therefore prevent the formation of RuO2.
Due to the same reason, the electric field can also affect the nucleation rate, by affecting the diffusion coefficient in volume-diffusion control or by changing the mechanism of atom attachment [20] . The threshold character of the dependence of the nucleation rate on the effective supersaturation results in an induction period, which may elapse prior to the formation of a detectable number of NPs. In (S)TEM the induced electric field is not stationary, but increases as the positive charges are building up, until a dynamic equilibrium is reached [5] . Therefore, there should be also a time threshold, before which the field is not strong enough to accelerate or decelerate the nucleation process. In our experiments, the incubation phenomenon was clearly observed in Fig. 5 , and its length decreases with the increase of beam current density. During this incubation period, there is evidence that the electric field is not strong enough to move Ru ions (repelling outside the beam region), as shown in Fig 5. This suggests that the induction period of nucleation in (S)TEM may be dominated by the exposure time threshold, which is determined by both the activation energy of Ru migration and beam current density [5] .
As we knew [refs] , the induced electric fields in (S)TEM are not uniform, and they are strongly dependent on illumination mode and specimen shape. As illustrated in Fig. 7 , the strength of electric field is the strongest near the surfaces of specimen and drops rapidly inside the specimen in the center area of the beam in a broad beam TEM illumination.
Meanwhile, the fields are also strong near the edge region of the beam. Therefore, we can expect that the spatial distribution of precipitated NPs may not be uniform in the specimen but may preferentially occurs at the sub-surface regions and around edge of electron beam, as illustrated in Fig. 7 . In a focused beam STEM illumination, the field has the maximum strength along the probe and drops rapidly away from the probe [12] . Therefore, different from TEM illumination, the precipitation should be three-dimensional and uniform if the STEM probe is scanning across an area.
Dielectric constants of gas phases are usually smaller than that of the matrix materials.
From the free energy point of view, the induced electric field is therefore not in favor of nucleation of gas bubbles, which O2 bubbles or clusters were not observed during the Ru precipitation in our experiments. However, the formations of gas bubbles or clusters in some materials are also common phenomena of beam effect [5, and references therein]. In the previous studies, we found that the formation of gas bubbles or clusters is always accompanied by the rapid depletion of cations in the illuminated region [31] . The fielddriven cation depletion results in the increase of anion concentration, and thus the supersaturation of anion. Therefore, we speculate that the precipitation of metal NPs is in competition with the formation of gas bubbles in the same region. Bubbles should be more easily observed in materials containing cations with higher mobility, such as alkali and hydrogen, while the metal NPs should be more easily precipitated in materials containing Table I Changing rates of the integrated intensities in different stages. They were evaluated using data in Fig (002) and (011) are very close to each other, and thus they cannot be resolved in our measurements because of small particle sizes.
The interpretation of O K-edge of Ru-Si-O thin film can be obtained by the detailed comparisons with the references of SiO and RuO2, which is given in figure S1 . In SiO, the O K-edge has only one strong peak at about 539 eV, although there is a very small pre- edge in the Ru-Si-O thin film.
As compared in figure S2 , the Ru M23 edge in the Ru-Si-O does not fully resemble that of RuO2. It is seen that the shape of M3 peak is slightly asymmetry in the Ru-Si-O system, and its position is about 1eV lower than that of RuO2. It is also noted that Ru M3 
